For effective disaster risk management and adaptation planning, a good understanding of current and projected flood risk is required. Recent advances in quantifying flood risk at the regional and global scale have largely neglected critical infrastructure, or addressed this important sector with insufficient detail. Here, we present the first European-wide assessment of current and future flood risk to railway tracks for different global warming scenarios using an infrastructure-specific damage model. We find that the present risk, measured as expected annual damage, to railway networks in Europe is approx. €581 million per year, with the highest risk relative to the length of the network in North Macedonia, Croatia, Norway, Portugal, and Germany. Based on an ensemble of climate projections for RCP8.5, we show that current risk to railway networks is projected to increase by 255% under a 1.5°C, by 281% under a 2°C, and by 310% under a 3°C warming scenario. The largest increases in risk under a 3°C scenario are projected for Slovakia, Austria, Slovenia, and Belgium. Our advances in the projection of flood risk to railway infrastructure are important given their criticality, and because losses to public infrastructure are usually not insured or even uninsurable in the private market. To cover the risk increase due to climate change, European member states would need to increase expenditure in transport by €1.22 billion annually under a 3°C warming scenario without further adaptation. Limiting global warming to the 1.5°C goal of the Paris Agreement would result in avoided losses of €317 million annually.
Introduction
Floods cause enormous damage globally, and it is projected that flood risks will further increase in the future due to socio-economic development and climate change (Alfieri et al. 2017; Hallegatte et al. 2013; IPCC 2013; Winsemius et al. 2016) . In 2016 alone, hydrological hazards caused US$56 billion of global economic losses (Munich Re 2017) . Recent flood events in Europe have demonstrated that losses to infrastructure can be substantial and can make up a large share of overall losses, amounting to up to 60% Floodsite 2006; Thieken et al. 2016) .
In addition to the high damage potential, transport infrastructure is classified as "critical infrastructure," i.e., their assets, systems, and networks are considered so vital for the functioning of a society that a disruption or failure of those functions can have a significant impact on the safety, security, economic, and/or social wellbeing, public health, or any combination thereof (Council of the European Union 2008; The White House 2013; United Nations 2015). Railway infrastructure, for instance, plays an important role in the climate-friendly transportation of freight and passengers across the European Union. According to the statistical office of the European Union (EUROSTAT), more than 415 billion passenger-kilometers were traveled, 1 and more than 416 billion ton-kilometers 2 were transported on national and international railway lines of the EU28 in 2015. Since transport of freights and passengers by rail considerably outperforms road and air transport in terms of greenhouse gas efficiency (IPCC 2014b) , it is reasonable to assume that railway infrastructure becomes even more important in the future.
Recently, progress in estimating direct flood damage and risk at regional and global levels has been made, also due to advances in computational power and modeling Hirabayashi et al. 2013; Jongman et al. 2012b; te Linde et al. 2011; Ward et al. 2013; Winsemius et al. 2016) . Such regional and global assessments are important, given the increased efforts to address disaster risk reduction and climate change adaptation across national boundaries. The EU Solidarity Fund, the EU Strategy on Adaptation to Climate Change, and the UN Sendai Despite the high damage potential of the infrastructure sector and its criticality, existing studies on regional and global flood losses have predominantly focused on the residential sector Jongman et al. 2012a; Winsemius et al. 2016) , or more global estimates of affected population or gross domestic product (GDP) (e.g., Hirabayashi et al. 2013) . Assessments that include infrastructure elements are largely lacking, possibly resulting in biased risk estimates, inadequate evaluations of the benefits of investments in risk reduction, and consequently in suboptimal disaster management and adaptation decisions (Bouwer et al. 2007; Kreibich et al. 2014 ). The few studies that included infrastructure in their modeling approach usually use one aggregate susceptibility function and one unit asset value for various but highly diverse infrastructure elements, or, are limited to local case studies (Jongman et al. 2012a; Kellermann et al. 2015; Kellermann et al. 2016b; Merz et al. 2010; te Linde et al. 2011) . One of the few studies that examine the impacts of climate extremes on critical infrastructure in Europe is Forzieri et al. (2018) . Based on a sensitivity matrix derived from an expert survey, spatial layers on assets, and loss records of the EM-DAT database, the impact of climate-related losses were assessed at a European scale. An infrastructure-specific damage model is not applied in this study. Also, Doll et al. (2014) assess the risk from weather extremes on railway infrastructure in several European regions. Their estimates are based on media and operator data for specific incidents that occurred between 2000 and 2010 in four European countries, which are used to derive statistical measures of damage probabilities. This incidence-based approach requires no spatial mapping of flood hazards to railway infrastructure, and no infrastructure specific damage model is applied.
There are several reasons why modeling of damage to infrastructure is still in its infancy compared with other economic sectors. First, information about public infrastructure elements is often considered sensitive given their criticality, limiting data availability. Second, and closely related to the previous point, empirical damage data, commonly used for damage model development (Meyer et al. 2013) , are largely lacking for the infrastructure sector (Merz et al. 2010) . Third, because of their line features, elements of critical infrastructure, such as railway tracks, are substantially underrepresented in gridded land cover data, typically used for regional or global assessments (Hirabayashi et al. 2013; Jongman et al. 2014; Jongman et al. 2012b; Winsemius et al. 2016) . A standard dataset for European-wide impact assessments is the Coordinated Information on the European Environment (CORINE) land cover dataset (see, e.g., Alfieri et al. 2015; Jongman et al. 2014) , which has a spatial resolution of 100 by 100 m. From a gridded railway track map derived from the most comprehensive European-wide dataset of OpenRailwayMap, 3 only 2.4% of the network is coded as railway infrastructure in CORINE, despite its high resolution (see Supplementary Material Fig. S1 for an illustration).
In this paper, we address all of the abovementioned challenges associated with the modeling of flood risk to critical infrastructure at a regional scale. We apply a damage model that was specifically developed for assessing direct damage to railway infrastructure by using empirical damage data (Kellermann et al. 2015; Kellermann et al. 2016b ) to assess current and future risk to railway tracks across Europe. To the best of our knowledge, this is the first European-wide assessment of current and future flood risk to railway infrastructure, using an infrastructure-specific damage model. To adequately and comprehensively capture the lineshaped features of railway tracks, the assessment makes use of the open-access dataset derived from OpenRailwayMap. Current and future flood hazard in Europe is obtained with the LISFLOOD-based pan-European flood hazard mapping procedure combined with ensemble projections of extreme stream flow for three different warming levels based on EURO-CORDEX RCP 8.5 climate scenarios (Alfieri et al. 2015) .
Direct damage to railway tracks can result in subsequent indirect damage caused by disruptions of train traffic. During the flood of 2013, for instance, the train connection between Berlin, Germany, and important economic centers in Hanover, the Ruhr district, and Frankfurt (upon Main) was disrupted due to damage to railway assets for almost 5 months. As a result, more than 10,000 passenger trains and more than 3000 freight trains had to be diverted resulting in longer travel times. According to the Deutsche Bahn, about one third of the passengers chose alternative ways of transportation during this time (reported by Thieken et al. 2016) . Such indirect losses are not included in our assessment. A quantification of indirect losses would require a detailed flow model of European train traffic, delay times resulting from different patterns of direct damage, insights into alternate routes and associated costs, which is beyond the scope of the current paper.
Our advances in the assessment of current and future flood risk to railway infrastructure are important for the development of effective disaster risk management and adequate climate change adaptation planning. This is particularly relevant because railways constitute critical infrastructure, and because losses to public infrastructure are usually not insured or even uninsurable in the private market (Zurich Insurance Group 2013). Inadequate consideration of the financial means required for relief and reconstruction, e.g., endowment of the European Solidarity Fund (Council of the European Union 2002), can thus negatively affect social and economic welfare (Bouwer et al. 2007; Jongman et al. 2014) . To illustrate the policy implications of our analysis, the estimated risks are hence related to the current overall government expenditures on transport of the examined European countries and the EU's budget for enhancing the Trans-European Transport Network (TEN-T).
The reminder of the article is organized as follows. The methods and models applied in this article are presented in Sect. 2. Section 3 presents and discusses the findings with regard to current and future flood risk to railway infrastructure in Europe. Section 4 concludes and discusses the implications of our findings with respect to assessing and managing flood risk to railway infrastructures in Europe.
Methods

Climate inputs and flood hazard modeling
Seven EURO-CORDEX climate projections including historical and future (2006-2100) projections with Representative Concentration Pathway (RCP) 8.5 were used as input to simulate river stream flow over the years 1970-2100. Projections of global mean surface temperature (GMST) under this scenario typically exceed 3°C warming before 2100. Hence, the three considered specific warming levels (SWLs) could be analyzed in the same set of simulations and thus provide consistent results. We note, however, that impacts at the Paris target SWLs (1.5 and 2°C) under the continued warming pathway considered here may differ from those under a stabilization pathway, because of the sensitivity of precipitation extremes to radiative forcing of greenhouse gases and aerosols (Lin et al. 2016) . Climate projections were selected giving priority to driving global circulation models (GCMs) with high ranking in the performance evaluation of CMIP5 models carried out by Perez et al. (2014) .
We produced continuous daily stream flow simulations with the Lisflood model, a distributed, physically based hydrological model (Burek et al. 2013; Van Der Knijff et al. 2010 ), run at 5 by 5 km 2 grid resolution. As input variables, we used 2 m temperature, precipitation, and potential evapotranspiration from each climatic projection. The latter was estimated using the Penman-Monteith equation calculated with daily mean 2 m temperature, wind speed, relative humidity, and solar radiation as input. The domain included in the hydrological simulations covers an area of 6.5 million km 2 and is calibrated at 693 stations across Europe against up to 8 years of daily observed discharge (Alfieri et al. 2016b) . For each grid cell and climate projection, we fitted a Gumbel extreme value distribution on the series of 30 discharge annual maxima between 1976 and 2005, with the method of L-moments (Hosking 1990) . A peak over threshold (POT) routine was used to select flood events simulated in the present and in the future climate. To this end, we calculated the return period of simulated discharges by inverting the analytical Gumbel distributions. High flow events with maximum return periods larger than the local value of flood protections, taken from (Jongman et al. 2014) , are considered as flood.
Each flood event detected in the simulation period is assigned with an inundation area with the same return period taken from a set of European flood hazard maps at 100 by 100 m 2 resolution (Alfieri et al. 2014) . Monetary impacts per grid cell are then estimated by forcing the railway-specific flood damage model "RAilway Infrastructure Loss" (RAIL) with the inundation depth and extent of each simulated flood. Extreme events are by definition rare; hence, flood impacts of the seven climate models are aggregated in space and time to increase the robustness of impact estimates. Quantitative analyses and comparisons between present-day conditions and future scenarios are performed on four representative 30-year time slices: the historical period and three global warming levels of 1.5°C, 2°C, and 3°C above preindustrial levels. The latter are estimated by taking the 30-year window centered on the year of exceedance of the different warming levels (taking the 20-year running mean) of the GCM corresponding to each EURO-CORDEX projection (see Table 1 ).
Modeling damage to railway networks
Flood damage to the European railway network was assessed using the RAIL model developed by Kellermann et al. (2015) . RAIL is capable of estimating structural flood damage to the standard cross-section of a railway track and the resulting repair (replacement) costs. This is the first time the infrastructure-specific damage model is applied at the European scale. The damage model was applied before at the local and regional scale in Austria (Kellermann et al. 2015; Kellermann et al. 2016b) .
Since gridded land cover data, such as CORINE, are not sufficiently detailed to capture line-shaped infrastructure elements (see Supplementary Material), the most comprehensive and publicly available dataset of railway infrastructure in Europe was derived from OpenRailwayMap. The dataset not only contains the main railway connections but also the multiple tracks present at switch yards or train stations. This dataset was used before also by other studies assessing flood risks to critical infrastructures in Europe (Forzieri et al. 2018) . Since no spatial projections of future railway networks are available, OpenRailwayMap was used to estimate both, current and future flood risk.
Only direct (i.e., structural) damage to railway tracks was included in the modeling approach. Other railway-related infrastructure elements, such as railway stations, control centers, or bridges, were excluded from the analysis because of their large heterogeneity and/or the lack of empirical damage data that would be needed for model development.
In the RAIL model, structural damage is provided per 100 m track section affected by flooding. To this end, the entire European railway network was partitioned into 100-m track sections in a geographical information system (ArcGIS), and subsequently intersected with the various flood inundation scenarios (see Sect. 2.1). Depending on the flood depth occurring at each exposed track section, one out of three damage classes was assigned. The three damage classes distinguished in the RAIL model, which reflect different degrees of structural damage to the railway section, are depicted in (Fig. 1) . The different damage classes were inferred from empirical evidence from the March River flooding of 2006 in lowland areas of Lower Austria (Kellermann et al. 2015) . The damage classification is based on thresholds of relevant hydraulic impact parameters. A standard cross-section of a railway track consists of the substructure, superstructure, catenary, and signals. For damage class one (left picture in Fig. 1) , it is assumed that the track's substructure is (partly) impounded, but there is no or only little structural damage. For damage class two (middle), it is assumed that the substructure and superstructure of that track section are completely inundated, resulting in considerable damage at least to the substructure. For the highest damage class three (right picture in Fig. 1 ), additional damage to the superstructure, catenary, and/or signals must be expected. Damage class one is assigned for flood inundation levels up to 20 cm at the track section. In the default model, damage class two corresponds to water levels between 21 and 140 cm, and damage class three is assigned for water levels above 140 cm. The distribution of damage classes (totals and percentages) for each country across the different scenarios (return periods) is provided in the Supplementary Material (Fig. S2) .
Subsequently, each damage class is assigned to standard repair costs (financial loss) based on figures provided by the Austrian Federal Railways (ÖBB) for 2008 price levels. These repair costs comprise costs of loss assessment and documentation, costs for track cleaning per running meter, and standard cross-section repair costs per running meter. The different cost types were individually combined for each damage class in accordance with the respective pattern of structural damage (Kellermann et al. 2015) . For damage class one, this results in standard repair costs per 100 m segment of a single-tracked railway standard cross-section of €5.850 at 2008 prices. For damage class two, a damage of €67.775 was calibrated for Austria and for class three damage amounts to €351.100.
In a final step, the section-wise and damage class-dependent repair costs were aggregated across all track sections affected by the considered flood event. The aggregated repair costs from each flood scenario were then used to calculate the expected annual damage (EAD), which is a common risk metric in the context of natural risk assessments (Merz et al., 2009 ). All EAD values were corrected for inflation using inflation rates at the country level provided by EUROSTAT and reflect the 2015 price level. To account for differences between countries in terms of repair costs, losses were adjusted by using differences in GDP per capita provided by EUROSTAT (values of 2015) .
To assess the robustness of our results, we carried out a sensitivity analysis altering the water levels (thresholds) used for assigning the different damage classes. In addition to the default model run, we altered the thresholds to reflect a lower bound (= higher threshold for damage classes) and an upper bound (= lower thresholds for damage classes) for the respective damage classes. These thresholds provide a plausible range of water levels resulting in the respective damage classes. The adjusted threshold values are based on expert judgment of the railway operator and resemble the approach taken in Kellermann et al. (2016b) . A table with the varying thresholds used for the three model runs is provided in the Supplementary Material (Table S1 ). The only parameter that was not varied in the sensitivity analysis is the cost value. This is because the cost values for damage class 1 and damage class 3 were taken directly from the standard cost table of the railway operator. Only the value of damage class 2 was empirically derived. Previous studies have shown that applying a scaling factor to a damage curve results in a respective scaling of the losses (Alfieri et al. 2016a ).
Limitations
Flood loss and risk assessments are subject to considerable uncertainties (Apel et al. 2009; Merz et al. 2010 ). This holds also for the assessment of current and future flood risk to railway networks in Europe. Bias in damage estimates can result from the treatment of flood protection in the hydrological modeling. If the flood frequency exceeds the protection level (in terms of the design return period) at a given location, a failure of that flood protection is assumed. In reality, defense structures may not entirely fail but only be overtopped, which would likely result in lower flood extent and inundation levels. On the other hand, protection standards may fail also below their design protection standard.
As mentioned above, empirical damage data, which are needed for damage model development, calibration, and validation, pose a particular challenge as far as critical infrastructure is concerned. While the RAIL model was derived and calibrated using empirical damage data, independent datasets for model validation are currently still lacking (Kellermann et al. 2015; Kellermann et al. 2016b ).
In our damage modeling approach, a uniform type of superstructures is assumed, i.e., ballast bed. While ballast beds are the dominant type of superstructure in Europe's railway network, some deviations exist for high-speed tracks. Due to their differences in construction characteristics and material, high-speed tracks are likely characterized by different damaging processes and replacement costs. However, information on variations in track structures is currently not available and could thus not be considered in the modeling approach. Moreover, damaging processes might differ for different flood types (e.g., flash floods versus slow rising river floods). Again, no empirical damage data are available that would allow for a more differentiated modeling approach.
We further assume constant exposure and vulnerability, hence present impacts of different warming levels on present railway assets. While this constitutes a common shortcoming of climate impact studies (IPCC 2014a), we consider the assumption of constant exposure less of an issue as far as railway infrastructure is concerned: substantial changes in the network cannot be expected in the examined time frames (see Table 1 ), given the longevity of this type of infrastructure, and the very long planning and construction times. For instance, the laying of 230 km new railway tracks between Berlin and Munich in Germany, which was completed in 2017, took 26 years. 4 Our assumption of a relatively stable network of railway lines is supported by data of the International Union of Railways. According to their statistics, the length of railway lines in the EU (including Turkey) changed by just 1.1% between 2004 and 2016.
5 Given the increasing importance of climate-friendly transportation (IPCC 2014b), it seems dubious to extrapolate this small decreasing trend into the future. Moreover, an extrapolation of such a (small) overall trend provides no spatially explicit projection. Thus, we refrained from extrapolating an overall trend into the future, as, e.g., proposed by BednarFriedl et al. (2015) with respect to road infrastructure, which is a more dynamic type of infrastructure compared with railway lines.
Despite these limitations, we consider the current approach as a considerable advancement compared with previous studies, which commonly use one susceptibility function and financial loss value across various and highly diverse infrastructure sectors, and grossly underestimate exposed railway tracks due to the use of gridded land cover data (see Fig. S1 ).
Results and discussion
EAD for the historic period
Results show that estimated annual damage (EAD) to railway infrastructures in Europe is about €581 million Euro per year in the historic period 1976-2005, with the ensemble spread ranging from €403 million to €801 million. Results of the sensitivity analysis show that the estimated EAD values are fairly robust to alterations in the thresholds of water levels used to assign the three damage classes. This finding is in line with the results of Kellermann et al. (2016b) . In comparison to the default EAD values (see Table S1 ), the model runs with the upper and lower bounds deviate by 8.7% (see Supplementary Material Table S2 ).
As there are no railway-specific loss databases to compare this number against, we put our results in the context of other studies examining flood risk in Europe. Jongman et al. (2014) , who provide an estimate across various sectors including housing, industries, and a factor for infrastructure, estimated expected annual flood damage in the EU at €4.9 billion per year for the period 2000-2012. It should be noted, though, that the estimate for infrastructure in this study only comprised road infrastructure (Huizinga 2007; Jongman et al. 2012a ). Alfieri et al. (2016b) If we compare our estimate of €581 million to the €4.2 billion recorded by Munich Re and the €5.4 billion estimated by the EEA, damage to railway infrastructure represents a share of 13.8% and 10.8% of overall losses, respectively. These numbers compare well to the share of infrastructure losses reported for observed events. During the flood in 2002, damage to railway infrastructure in the heavily affected German federal state of Saxony amounted to 13% (Floodsite 2006) . Based on specific incidents from weather events in four European countries, Doll et al. (2014) estimate annual damage to railway infrastructure in Europe at €305 million. When comparing this number to our estimate of €581 million, it should be noted that the study of Doll et al. (2014) uses a price level of 2010, a smaller set of countries, and does not comprise a spatial mapping of hazards and exposure. Moreover, Doll et al. (2014) takes the age structure of the infrastructure assets into account, which should result in lower values than the replacement costs applied in this study.
As mentioned above, we only estimated direct flood damage to railway tracks. However, railway networks represent critical infrastructure due to potentially cascading effects on mobility, safety, economic, and/or social welfare. These can be substantial, as indicated in the example of Germany in the introduction; hence, it is reasonable to assume that the economic losses are larger than the figures provided here. Moreover, railway tracks are potentially also affected by other natural hazards such as landslides, windstorms, or rail buckling (Dobney et al. 2009; Kellermann et al. 2016a) .
The countries that face the highest flood risk to railway infrastructure in terms of absolute numbers for the historic period are, in descending order, Germany (165 million) and France (106 million), followed by Spain, Sweden, the Czech Republic, Italy, and the UK with EADs between 34 and 38 million (Fig. 2a and Table S3 ).
Assessment of vulnerability indicators
A different picture is obtained when the EAD is related to a country's length of the rail network and transport volumes (freight and passengers). As absolute losses are largely influenced by the size of the exposed network, these figures provide more meaningful insights into a country's vulnerability to flood losses to railways. In relation to the length of the rail network, annual losses per kilometer rail network amount to an average of €1080 in Europe for the historic period, with a standard deviation of €878. The highest relative annual losses in relation to the length of the network for the historic period are observed for North Macedonia (€3.272 per kilometer), Croatia (€2.920), Norway (€2.041), Portugal (€1.927), and Germany (€1.841), followed by the Luxembourg, Czech Republic, and Austria ( Fig. 2b; Table 2 ). A high (or low) ranking in this category indicates a larger (or smaller) ratio between a country's EAD and the length of its railway network, when compared with the other countries. In terms of losses in relation to freight volumes, annual losses per thousand tons of transported goods amount to an average of €659 in Europe for the historic period (excluding Belgium due to missing information on freight volumes), with a standard deviation of €1.137. The countries with the highest annual losses in relation to freight volumes for the historic period are Ireland (€5.607 per freight ton), Greece (€2.983), North Macedonia (€1.395), Spain (€1.300), and France (€1.110) (see Table 2 ). A high ranking in this category indicates a relatively high ratio between a country's EAD and its national rail freight transport volumes (in comparison with the other countries). Annual losses in relation to passenger volumes amount to an average of €201 per thousand passengers in Europe for the reference period, with a standard deviation of €403 Euro. Here, the highest relative losses for the historic period are observed in North Macedonia (€2.138 per thousand passengers), Croatia (€508), Bulgaria (€274), Greece (€261), and Lithuania (€230) (see Table 2 ). A high ranking in this final category indicates a relatively high ratio between a country's EAD and its national passenger transport volumes (in comparison with the other countries).
A comparison of the three vulnerability indicators assessed in the current paper reveals no consistent pattern of vulnerable countries across the three indicators. While Germany has, e.g., a comparatively high value when EAD is compared to length and freight, it ranks rather low in terms of passengers given its high number of train users. Ireland, which ranks first in terms of EAD in relation to freight, ranks middle for the other two indicators. While there is no Fig. 2 a, b Country aggregated expected annual damage (billion Euro/year) and annual relative damage (based on length of the network) for the historic period and three warming scenarios (mean value and ensemble spread) using the Representative Concentration Pathway 8.5 scenario consistent pattern across the three indicators, they can be useful in different context and for different users.
Projections of future EADs
Direct flood risk to railway networks is projected to increase substantially due to climate change under different warming scenarios, yet, together with the associated uncertainty (Figs. 2a, b and 4) . Based on ensemble means of seven climate scenarios (Alfieri et al. 2015) , the EAD to European railways is projected to increase by 255% under a 1.5°C (ensemble mean: €1.481 million; min: €1.000 million, max: €2.102 million), by 281% under a 2°C (ensemble mean: €1.635 million; min: €1.241 million, max: €2.034 million), and 310% under a 3°C warming scenario (ensemble mean: €1.799 million; min: €1.231 million, max: €3.206 million) (see Fig. 3 ). Accordingly, also the vulnerability indicators increase under the different warming scenarios. Relative risk in relation to the length of the network increases from an average of €1.080 for the historic period to €2.451 (SD = €2.411) under a 1.5°C, €3.098 (SD = €3.242) under a 2°C, and €3.373 (SD = €3.479) under a 3°C warming scenario.
In line with the European-wide increase in risk, results per country show that flood risks steadily increase in many countries under the different warming scenarios. The largest increases in risk (in per cent) for the 3°C warming scenario is projected for Slovakia, Austria, Slovenia, and Belgium (see Fig. 4 ). In some countries, such as, e.g., Belgium, France, Hungary, and Slovakia, the largest increase in risk is projected for a 2°C scenario and would then be followed by stabilization or a decreasing trend for a three-degree warming scenario (see Fig. 4 ; Table S3 ). This pattern results from the hydrological projections, which foresee a stabilizing or decreasing trend for some countries following the two-degree warming scenario, especially in Eastern Europe (see also Alfieri et al. 2018) . This is likely due to changes in the hydrological cycle at high-end warming levels, including reduced snow accumulation and melting, highlighting the non-linearity between global warming and its impacts in Europe. Similar patterns of flood hazards across Europe were also reported by Kundzewicz et al. (2017) .
The change in relative EAD (in relation to the length of the network) across Europe according to the three warming scenarios is also spatially depicted in Fig. 5 . It shows that relative risk (related to network length) is projected to increase under a 1.5°C warming scenario mainly in central and south-eastern European countries as well as Norway, France, and Spain. Under the 2°C degree warming scenario, relative risk further increases in several countries, including Belgium, Luxembourg, Austria, Hungary, North Macedonia, and Bulgaria. Under a 3°C degree warming scenario, relative risk is projected to decrease mostly in Eastern Europe and to further increase in some central and south Eastern European countries as well as Portugal. No significant change in relative risk (related to length of the network) across the three warming scenarios is observed for example the Netherlands, Estonia, Slovakia, and Italy.
Implications for government expenditure in transport
In 2015, the European countries assessed in this paper spend on average 2.7% of their total government expenditure on the transport sector. With increasing damage to railway Fig. 3 Simulated damage to railway infrastructure per year, relative change from the historic period, and 10-year moving average (Europe-wide aggregated figures). Gray and blue shades show the ensemble spread given by the seven climate model realizations. Green, yellow, and red lines indicate when the specific warming levels are reached according to the regional climate projects as provided in Table 1 infrastructure, governments would need to increase their expenditures in order to keep current levels of expenditure, assuming that flood protection levels remain unaffected by future investments in transport. To gain insights into the additional expenditures required, we also compared the EAD of the different scenarios to the total government expenditure in transport of the EU member states. To account for a possible short-term variability, we used expenditures in transport averaged over the period 2007 to 2015 (Table S4) . Over this Fig. 4 Percentage change in expected annual damage (100 = historic period) for the historic period and the three warming scenarios (mean value and ensemble spread) period, the assessed European countries reported expenditures of €307 billion per year in the transport sector.
6 It must be noted that these expenditures comprise not only rail transport but also road, water, air, and pipeline and other transport. The analysis shows that in the historic period, the EAD of €581 million amounts 0.19% of the government expenditure in transport for the EU. This share would increase to 0.48% under a 1.5°C, to 0.53% under a 2°C, and to 0.58% under a 3°C warming scenario. In order to cover the increasing risk in railway infrastructure, and to maintain current levels of funding for the transport sector, the countries would need to raise their expenditures by €1.22 billion per year under the 3°C warming scenario (assuming that future investments would not affect flood protection levels). Limiting global warming to the ambitious 1.5°C goal of the Paris Agreement would result in avoided losses of €317 million a year compared with the 3°C warming scenario. If the 2°C warming target would be reached, still €164 million of losses would be avoided compared to a world that warms by 3°C. In the multi-annual budget from 2014 until 2020, the EU allocated investments of about €26.25 billion for enhancing the Trans-European Transport Network (TEN-T) (European Union 2013), which not only covers railways. The risk increase under a 3°C scenario aggregated over a 6-year period would consume slightly more than one quarter of that amount. This emphasizes the need to (further) implement and improve integrated risk management solutions, and to account for increasing risks in public budgets.
Conclusions
Floods can cause substantial damage to critical transport infrastructure in Europe. In this study, we examined current and future flood risk to railway infrastructure at the European scale under different warming scenarios, using an infrastructure-specific damage model in combination with climate and hydrological modeling. Our findings show that current risk to railway networks is considerable and could increase substantially due to climate change. For the current situation, we estimated an average damage of €581 million per year. This risk could increase by up to 310% under a 3°C warming scenario.
Our findings demonstrate that the examined European countries would need to considerably increase their expenditures on transport to cover for the additional risks induced by climate change, when assuming that flood protection levels remain constant: under a 3°C warming scenario, approx. €1.22 billion extra per year would be required. In the Paris Climate Agreement, the global community has formulated the ambitious target to limit global warming to 1.5°C. According to our findings, reaching this goal would avoid losses to railway infrastructure of €317 million per year compared with the 3°C scenario. If the 2°C warming target could be met, losses in the order of €164 million annually could be avoided in comparison with the 3°C scenario.
Limitations and uncertainty of the current study, and thus future research needs, mainly relate to the scarcity of empirical damage data needed for the development, calibration, and validation of damage models. Currently, no such data are collected in most of the European member states, nor at the European level. A systematic collection of damage to railway infrastructure could significantly contribute to improving our understanding of damaging processes to railway infrastructure, the proportional share of different natural hazards to overall economic losses, and the enhancement of strategic risk management. Currently, information on railway accidents is collected based on Regulation (EC) 91/2003 of the European Parliament and of the Council on rail transport statistics. The statistics on rail safety are required by the European Commission "in order to prepare and monitor Community actions in the field of transport safety (EC 91/2003) ." To enhance risk management of railway infrastructure also at the European level, this reporting system could be complemented with information on the impacts of natural hazards, which is currently not included. A better consideration of line-shaped features in gridded regional or global land use projections would help to overcome the shortcoming of using constant exposure in future works.
Future research could aim to complement this study by assessing direct damage with estimates of the indirect economic effects of interruptions of the railway networks due to flooding. This would require information on the time it takes to repair different structural damage to railway tracks, the amount of services normally provided during the time of interruption, and possible redundancies (alternative routes) in the system. Such an integrated approach would allow even more informed decisions about future risk reduction strategies. However, the presented study already illustrates that losses caused by natural hazards to transportation are a non-negligible amount to be considered in budgets and future risk management strategies.
